Introduction
It was shown in a previous paper* that the reaction B r. is catalysed by a number of acids in non-dissociating solvents, and follows a unimolecular course. A few measurements at 15° and 25° C gave tem perature coefficients of 2 *0-2-4 per 10°, corresponding to heats of activation of about 12,000-15,000 calories per gram-molecule, and it was shown that on this assumption only a small fraction of the collisions involving sufficient energy result in reaction. The present paper describes a more detailed study of the temperature coefficient of catalysis by tri chloracetic acid in chlorobenzene solution, in the course of which new features in the kinetics of the reaction were discovered.
Experimental
The preparation of N-bromacetanilide has been previously described (I). It was kept as a chlorobenzene solution approximately N/10 in a flask covered with tin-foil in a desiccator. The chlorobenzene was dried over phosphorus pentoxide and fractionally distilled. It was stored in a container protected from the air by mercury seals and a phosphorus pentoxide tube, and when required it was expelled by dry air. The tri chloracetic acid was dried in a vacuum desiccator, and titration showed it to be better than 99-5% pure. The solutions of trichloracetic acid were kept in a desiccator, and their concentration determined by weight titration. The reactions took place in the type of vessel shown in fig. 1 , of about 35 cc capacity. They were immersed in the thermostat to the level shown by the dotted line in fig. 1 , thus preventing any distillation of solvent into the cap, and were protected from the light by a coat of tin-foil. The ground joint was kept sealed with mercury during reaction.
From time to time about 2 cc of the reaction mixture was pipetted out and run into a weighed flask containing potassium iodide solution and dilute acetic acid. The iodine liberated according to the equation C6H5.NBr . COCH3 +. 2 I" + H+ = C6H5NHCOCH3 + I 2 + Brw as titrated as before (I) with N/500 thiosulphate solution, a 2 cc micro burette being used for the most dilute solutions. It has been previously shown (I) that solutions of N-bromacetanilide in chlorobenzene are stable in the dark for several years at room temperature. In order to test their stability (in the absence of catalyst) under the experimental conditions used here, approximately N/100 solutions were kept at 100° for six hours in the reaction vessels described. Titration before and after showed that no decrease in the concentration of N-bromacetanilide had taken place, and this was found to be so for all the samples used. Similar experiments in sealed tubes gave very erratic results, varying from no change at all to complete disappearance of the N-bromacetanilide after 6 hours at 100°. It is possible that the operation of sealing introduces small quantities of catalyst (■ e . g. HC1) by decomposition of the vapour. It was also found that the introduction of mer cury into the reaction vessel led to fairly rapid disappearance of the N-bromacetanilide at 100°, accompanied by the for mation of a solid product on the surface of the mercury. It is therefore important in measurements of catalysis to avoid contamination by mercury from the seal, but it is clear that there will otherwise be no appreciable " spontaneous " change in the temperature range 35°-65° studied here.
The catalysed reactions followed a unimolecular course in every case, and the constants given correspond to the equation
where x is the concentration of N-bromacetanilide present, and is the time in minutes. The constants were calculated by plotting the logarithm of the titre (per gram solution) against the time, and measuring the slope of the straight line thus obtained. The other symbols in the following tables are :-cA = concentration of trichloracetic acid in moles per litre. cB = initial concentration of N-bromacetanilide in moles per litre, a = kjcAi the catalytic constant. It will be seen immediately from the above tables that for a given concentration of acid, the velocity constant obtained varies considerably with the initial concentration of N-bromacetanilide. Since the concen tration of N-bromacetanilide varies during the course of each experiment, we should expect to find a considerable drift in the value of k as the reaction proceeds. If such a drift is present at all, it is certainly very much less than would be anticipated, as the following sample set of figures shows. During this reaction the concentration of N-bromacetanilide changes from 0-0079 to 0-0034: a change of this magnitude in the initial concen tration would cause a change of about 50% in k Table I ). This behaviour may be interpreted by supposing that both N-bromace tanilide and its isomer p-br omacetanilide exert approximately equal retard ing effects on the reaction. Since the sum of their concentrations is constant in any given reaction mixture, this will lead to a unimolecular velocity constant which varies with the initial concentration. This view is supported by some experiments in which /7-bromacetanilide was added initially.
Within the experimental error, the effect of the added /?-bromacetanilide was found to be the same as that of an equivalent change in the initial concentration of N-bromacetanilide.
For a study of the molecular statistics of the reaction it is desirable to eliminate this retarding effect, which can be done if it is possible to extra polate the values of a to zero initial concentration of N-bromacetanilide. It was found empirically that for a given temperature and acid concentra tion the results could be expressed in the form 1 a
(i)
where p is a constant, and by plotting 1/a against a0 can be obtained fairly accurately by extrapolating to cB = 0. The results for different acid concentrations at the same temperature gave on extrapolation the same value of a0, but the value of p was found to decrease with increasing acid concentration. All the results at one temperature can be expressed at least approximately by the equation where y is a constant depending only on the temperature. This equation was finally used for evaluating a0, 1 /a being plotted against cB/cA and l/a 0 obtained by extrapolation. ........................ 2-17 4-00 5-87 14-5
By plotting log10a0 against 1/Tx 103 a straight line is obtained, showing that the Arrhenius equation is obeyed within the experimental error. The slope of the straight line gives 12,800 cals for A + RT, and hence 12,500 cals for the true heat of activation A.
The observed reaction velocity may now be compared with the results of the simple collision theory. Converting to the units used here (moles per litre, hours, and decadic logarithms) this theory gives for the catalytic constant a0 = 4*50 X 1027 T* a2 + ^2V g~A/RT, \ Mj. M 2 /
where a = distance of closest approach of reacting molecules (cm) M1} M 2 = molecular weights of reacting molecules.
Putting a -4 x 10~8, this expression gives at 35° C, a0 = 2 6 X 104, while the observed value is 2 2. The reaction thus takes place times as slowly as predicted by the simple collision theory. It is unlikely that this low-collision efficiency is due to deactivation by solvent molecules, since it was previously found (I) that the reaction velocity was of the same order of magnitude in eight solvents of different types. It does, however, appear reasonable to attribute the slowness of the reaction to a purely spatial steric effect. The factor of 10~4 is considerably smaller than has usually been assumed possible for such an effect, but it can easily be shown to be plausible. Thus the experimental data for the simple reaction H + H 2 lead to a steric factor of about 0*1, and a still lower value has been obtained theoretically by Pelzer and Wigner.* It might thus easily reach a value of 0-01 in the reaction between a hydrogen atom and a complicated organic molecule, and the corresponding factor for reaction between two large organic molecules (as in the present case) would be (0 -01)2 = 10"4; such considerations are of course based on very simplified models, but they serve to indicate the order of magnitude to be expected for such factors.
It is more difficult to obtain a satisfactory explanation of the retarding effect exerted by N-bromacetanilide and p-bromacetanilide. The simil arity in the effects of the two isomers is paralleled by the measurements of Chapmanf on the Beckmann change of oxime ethers, where the reaction was found to be accelerated to an equal extent by the oxime ether and its transformation product. A similar behaviour has been observed in the decomposition of nitryl chloride. J There are several alternative interpretations of a positive catalytic effect; but it is more difficult to account for the retarding effect observed in the present case. A change of medium can give rise to either positive or negative catalytic effects (by modifying either the activation energy or the conditions of orientation), but this type of influence could hardly give rise to such large effects in dilute solution, particularly as the velocity is little affected by change of solvent. Negative catalytic effects can usually be explained by assuming either the termination of a chain mechanism or the removal of one of the reactants by compound formation. There is no evidence for a chain mechanism in the present reaction, and such an * ' Z. phys. Chem.,' vol. B 15, p. 445 (1932).  t ' J. Chem. Soc.,' p. 1550 (1934).  % Schumacher and Sprenger, ' Z. phys. Chem.,' vol. B 14, p. 413 (1931) . explanation is improbable on account of the low collision efficiency found. As regards compound formation, it has been shown by Weissberger and Hogen* and by Weissberger and Fasoldt that trichloracetic acid probably forms compounds in solution with a large number of carbonyl compounds, and thus might be expected to do so with both N-bromacetanilide and /7-bromacetanilide. The compound with the former can be written as
where the dotted line indicates the abnormal double co-valency of hydrogen.Î n this compound the trichloracetic acid will have largely lost its catalytic powers on account of the binding of the hydrogen, but the migration of the bromine can still take place by the agency of a free trichloracetic acid molecule. These assumptions suffice to account for the retarding effect of N-bromacetanilide and /7-bromacetanilide, the unimolecular course of the reaction, and the falling off of the effect with increasing acid concen tration.
Bairstow and Hinshelwood § have observed that in the decomposition of propionic aldehyde catalysed by iodine the course of the reaction indicates a considerable retardation by the propionic aldehyde itself, which they account for by assuming that the activated complete (X) may be specifically deactivated by collision with an aldehyde molecule. This interpretation can be applied to the present case, provided that it is assumed that N-bromacetanilide and p-bromacetanilide have equal de activating powers. Then if xB and xc are the concentrations of B and C at any stage of the reaction,
Rate of formation of X == k 1cAx B
" deactivation of X = k 2cx (xB + xc) -k 2cxcB " formation of C = k zcx giving for the rate of reaction in the steady state a = 1 dxc __ cAxB k 3 ~j* ' Z. phys. Chem.,' vol. 156, p. 321 (1931).  t ' Z. phys. Chem.,' vol. 157, p. 65 (1931).  + Cf. Sidgwick, ' Ann. Rep. Chem. Soc.' (1934).   § ' Proc. Roy. Soc.,' A, vol. 142, p. 77 (1933) .
(4)
which is of the same form as equation (1). Similarly, equation (2) may be obtained by assuming that the rate of formation of C is proportional to the product of cx and cA. Unfortunately, however, this type of expla nation is not legitimate, since if the molecules B and C can bring about the destruction of X, the principle of microscopic reversibility demands that they shall also take part in its formation. From a slightly different point of view, if k 3 becomes zero, then the above treatment leads to equilibrium relations between A, B, and C which are at variance with the law of mass action. The assumption of compound formation thus seem to afford the most probable explanation of the effects observed, though independent experimental evidence would be desirable.
It may be noted that the conclusions of the previous paper (I) are not materially altered by these considerations. In most of the reactions with trichloracetic acid studied in (I), the value of cB/cA was so small that the retarding effect was probably less than 10%. The value of a0 for tri chloracetic acid at 15° extrapolated from the results in Table VII is 0-48, while the previous value (not allowing for the retarding effect) was 0-41. With the other acids employed, compound formation is likely to take place to a smaller extent than with trichloracetic acid. The statement in (I) that the reaction is unaffected by p-bromacetanilide was based on experiments with monochloracetic acid.
Summary
Measurements have been made at 35, 45, 50 and 65° C of the velocity of rearrangement of N-bromacetanilide in chlorobenzene solution, catalysed by trichloracetic acid.
The catalytic constant is independent of acid concentration, but decreases with increasing concentrations of N-bromacetanilide and p-bromacetanilide.
By extrapolating the results to zero initial concentration of N-brom acetanilide, the molecular statistics of the unretarded reaction were investigated. Of collisions possessing the necessary energy, only about one in every 104 leads to reaction. This factor may reasonably be inter preted as due to a purely spatial effect.
Various hypotheses are discussed for explaining the retarding effect of N-bromacetanilide and p-bromacetanilide. It is probably caused by compound formation between these compounds and trichloracetic acid.
